Mechanical Engineering Faculty Publications

Mechanical Engineering

6-11-2019

Silica-Coated Metallic Nanoparticle-Based Hierarchical SuperHydrophobic Surfaces Fabricated by Spin-Coating and Inverse
Nanotransfer Printing
Shengjie Zhai
University of Nevada, Las Vegas, shengjie.zhai@unlv.edu

Hui Zhao
University of Nevada, Las Vegas, hui.zhao@unlv.edu

Follow this and additional works at: https://digitalscholarship.unlv.edu/me_fac_articles
Part of the Mechanical Engineering Commons, and the Nanotechnology Fabrication Commons

Repository Citation
Zhai, S., Zhao, H. (2019). Silica-Coated Metallic Nanoparticle-Based Hierarchical Super-Hydrophobic
Surfaces Fabricated by Spin-Coating and Inverse Nanotransfer Printing. Applied Physics Letters, 114(23),
1-4. AIP Publishing.
http://dx.doi.org/10.1063/1.5098780

This Article is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV
with permission from the rights-holder(s). You are free to use this Article in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.
This Article has been accepted for inclusion in Mechanical Engineering Faculty Publications by an authorized
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu.

Silica-coated metallic nanoparticle-based
hierarchical super-hydrophobic surfaces
fabricated by spin-coating and inverse
nanotransfer printing
Cite as: Appl. Phys. Lett. 114, 233702 (2019); https://doi.org/10.1063/1.5098780
Submitted: 03 April 2019 . Accepted: 28 May 2019 . Published Online: 11 June 2019
Shengjie Zhai

, and Hui Zhao

ARTICLES YOU MAY BE INTERESTED IN
Exciton aggregation induced photoluminescence enhancement of monolayer WS2
Applied Physics Letters 114, 232101 (2019); https://doi.org/10.1063/1.5096206
An active Bonner sphere spectrometer capable of intense neutron field measurement
Applied Physics Letters 114, 233502 (2019); https://doi.org/10.1063/1.5096191
Formation of the orthorhombic phase in CeO2-HfO2 solid solution epitaxial thin films and their
ferroelectric properties
Applied Physics Letters 114, 232902 (2019); https://doi.org/10.1063/1.5097980

Appl. Phys. Lett. 114, 233702 (2019); https://doi.org/10.1063/1.5098780
© 2019 Author(s).

114, 233702

Applied Physics Letters

ARTICLE

scitation.org/journal/apl

Silica-coated metallic nanoparticle-based
hierarchical super-hydrophobic surfaces fabricated
by spin-coating and inverse nanotransfer printing
Cite as: Appl. Phys. Lett. 114, 233702 (2019); doi: 10.1063/1.5098780
Submitted: 3 April 2019 . Accepted: 28 May 2019 .
Published Online: 11 June 2019
Shengjie Zhai

and Hui Zhaoa)

AFFILIATIONS
Department of Mechanical Engineering, University of Nevada, Las Vegas, Nevada 89154, USA
a)

Author to whom correspondence should be addressed: hui.zhao@unlv.edu

ABSTRACT
By combining spin coating and inverse nanotransfer printing, silica-coated gold nanoparticles are patterned onto polydimethylsiloxane
(PDMS) superhydrophobic surfaces to form a hierarchical structure. A layer of nanoparticles is spin-coated on a ﬂat silicon substrate serving
as the stamp, which is then transferred to the raised regions of PDMS surfaces. Our inverse nanotransfer printing is in contrast to the standard nanotransfer printing, which transfers metal from the raised regions of a stamp to a ﬂat PDMS surface. The fabricated hierarchical surface exhibits a higher contact angle and delays the Cassie-Wenzel transition during evaporation of a sessile droplet, indicating an
improvement of superhydrophobicity. Finally, we demonstrate that the fabricated nanoparticle-based superhydrophobic surfaces can
enhance the Raman intensity and signiﬁcantly decrease the surface-enhanced Raman scattering detection limit.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5098780

Superhydrophobic surfaces covered with micro- or nanostructures (such as posts, grooves, or holes) can effectively trap bubbles.1,2 If
a liquid surface contact is restricted to the top of the roughness, known
as the Cassie state, the liquid will be in contact with the solid only over
a fraction of the surface, resulting in drag reduction, facilitation of heat
transfer, self-cleaning, anticorrosion, antisticking, and anticontamination. They have opened many exciting opportunities in marine technology, automotive, biosensing, and lab-on-a-chip technologies.3–6
Experiments suggested that superhydrophobic surfaces with metallic nanostructures can break the diffusion limit and detect molecules at
femto- or attomolar solutions,5,7 if droplets over superhydrophobic surfaces maintain quasispheres during evaporation and do not wet the surface, because this way can effectively localize molecules and decrease the
detection limit of plasmonic nanosensors. Hence, the integration of
metallic nanostructures and superhydrophobic surfaces can pave the
way toward developing high-sensitive, label-free, and miniaturized biosensors with potential applications ranging from early disease diagnosis
to a fast sequence of genomes.8 Currently, metallic nanoparticles were
decorated over superhydrophobic surfaces by electron-beam lithography which is expensive and not suitable for the large-scale fabrication,
limiting its applications.
In addition, for droplets to remain quasispherical, the surface
needs to remain in the Cassie state. However, it is recognized that the
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transition from the Cassie state to the Wenzel state (a fully wetting
state) during evaporation can be triggered under certain conditions
including high pressure.9 Once the surface is fully wetted, the advantages of the superhydrophobicity like self-cleaning will lose. In other
words, a strategy to delay this transition is highly desirable to fully
exploit superhydrophobic surfaces. Recent studies revealed that
superhydrophobic surfaces with hierarchical structures consisting of
both the microstructure and the nanostructure can increase the contact angle and improve the stability and robustness of such surfaces.10–13 Interestingly, patterned nanoparticles can play a dual role. On
one hand, they serve as the plasmonic sensors; on the other hand, they
promote the superhydrophobicity and improve the sensitivity of the
detection. Hence, it is important to develop a cost-effective and scaleup method to pattern metallic nanostructures onto superhydrophobic
surfaces and assure that such surfaces can maintain the Cassie state as
long as possible during evaporation.
In this letter, we describe a simple fabrication technique to transfer nanoparticles onto a superhydrophobic surface. Our method consists of two key steps. First, we apply a spin-coating method developed
by Jiang et al.,14–17 where they generate a monolayer or multilayer of
colloidal latex particles by spin-coating. Here, we spin-coat gold nanoparticles onto the silicon wafer. Next, we modify the nanotransfer printing technique,18–22 which transfers metal from the raised regions of the
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rigid stamp onto a ﬂat polydimethylsiloxane (PDMS) surface. Instead,
we transfer gold nanoparticles from the ﬂat rigid stamp onto the raised
regions of a PDMS structured surface by bringing them into intimate
physical contact. We coin our method as inverse nanotransfer printing.
Our method is simple, low-cost, and ready to scale up. In this letter, we pattern nanoparticles onto superhydrophobic surfaces and
demonstrate that the hierarchical surface with nanoparticles enhances
superhydrophobicity by both effectively increasing the contact angle
and delaying the Cassie-Wenzel transition.
First, we spin-coated a layer of gold nanoparticles onto the silicon
wafer. 70 nm gold nanoparticles coated with a 10 nm hydrophobic silica shell were purchased from Ted Pella, Inc. The silica shell is
intended to prevent the aggregation of colloidal gold nanoparticles. In
order to spin-coat a uniform layer of nanoparticles, the silicon substrate was treated with 3-acryloxypropyl trichlorosilane (APTCS).23
Figure 1(a) presents the procedures for uniformly patterning a
layer of gold nanoparticles with spin coating. In order to generate a
high-quality layer of nanoparticles, we used the spin-coating approach
developed by Jiang et al.15 Brieﬂy, the process has two different acceleration speeds. At the low acceleration speed of 200 rpm/s, the spin
coating remained at 200 rpm for 120 s, 300 rpm for 120 s, 1000 rpm
for 60 s, and 3000 rpm for 20 s. At the high acceleration speed of
1000 rpm/s, the spin coating continued at 6000 rpm for 20 s and ﬁnally
at 8000 rpm for 360 s. After being soft baked around 60  C for 15 min,
the wafer slowly cooled down to room temperature and is ready to
serve as the stamp in the subsequent inverse nanotransfer printing.
Structured superhydrophobic surfaces in PDMS were fabricated
by soft lithography techniques.24,25 The soft lithography technique can
be applied to produce patterns on the micrometer- and nanometerlength scales. Here, we used a DVD disk to create patterned surfaces

FIG. 1. Schematics of procedures of (a) using the spin coating to make a layer of
gold nanoparticles and (b) using the inverse nanotransfer printing method to transfer metallic nanoparticles to the raising regions of the PDMS structured surface.
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in PDMS. The DVD disk has a patterned structure with holes and
serves as the mold. The PDMS solution was poured over the DVD
disk under vacuum to remove bubbles and then baked at 60  C for
1 h. In our practice, the degree of curing was 30% lower than that of a
typical soft lithographic curing procedure. In other words, our PDMS
surface was not fully cured. We found out that 70% curing can effectively help to reach the conformal adhesion between the PDMS surface
and gold nanoparticles for better nanotransfer printing.
With the PDMS structured surface, we can begin the process of
the inverse nanotransfer printing [Fig. 1(b)]. We placed the PDMS
surface on top of the silicon stamp under high vacuum
(9:5  104 Pa) for 3 h to achieve an intimate, conformal contact and
adhesion between the raised regions of the PDMS surface and the silicon stamp. Then, we baked them for 6 h at 60  C to further promote
the adhesion of nanoparticles to the raised regions of the PDMS surface. Finally, we peeled the structured PDMS surface and the stamp
apart. Nanoparticles were transferred from the stamp to the PDMS
surfaces. Figures 2(a) and 2(b) show the AFM images of the PDMS
structured surfaces without and with nanoparticles.
It was demonstrated that hierarchical surfaces with nanoroughness can effectively suppress the Cassie-Wenzel transition and
improve the superhydrophobicity.10–13 To examine whether our fabricated hierarchical structure can increase the superhydrophobicity, we
carried out experiments on the evaporation of sessile droplets over
structured surfaces with and without nanoparticles. The process of a
freely evaporating droplet on a superhydrophobic surface is intriguing.26,27 Initially, the droplet over a structured surface is in the Cassie
state where air bubbles are trapped inside the rough surface underneath the droplet,1 leading to a high contact angle. The decrease in the
droplet size, due to the natural evaporation, results in a larger Laplace
inner pressure, which can drive the droplet into a fully wetting
(Wenzel) state.9
The evaporation process was conducted at room temperature
(2161  C) with a relative humidity of 22 6 2%. The used water was
ultrapuriﬁed with a speciﬁc resistivity of 18.2 MX cm (PURELAB
Classic, ELGA LabWater, LLC). The initial droplet volume was 2 ll.
The side-view images of the evaporating droplet were recorded. Figure
3 plots the snapshots of time-dependent evaporating droplets over the
hierarchical superhydrophobic surface. The volume of the droplet and
the contact angle were measured against the time by a plug-in for
ImageJ that uses low-bond axisymmetric drop shape analysis.28,29

FIG. 2. AFM images of the structured PDMS surfaces without nanoparticles (a) and
with nanoparticles (b).
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FIG. 3. Snapshots of an evaporating droplet with the time interval of 600 s.

FIG. 4. (a) Time evolutions of the contact angles h of an evaporating sessile water
droplet on superhydrophobic surfaces with nanoparticles (the solid line) and without
nanoparticles (the dashed line); (b) the corresponding normalized droplet volumes
V/V0 as a function of the normalized time ðtf  tÞ=tf for the one with nanoparticles
(circles) and that without nanoparticles (squares).

Figure 4(a) plots the macroscopic contact angle h as a function of
time during the process of the natural evaporation for the
superhydrophobic surfaces with nanoparticles (the solid line) and
without nanoparticles (the dashed line). Figure 4(b) shows the normalized droplet volume V/V0, where V0 is the initial volume as a function
of the normalized time ðtf  tÞ=tf in which tf is the total droplet life
time in the natural evaporation. The solid line is the power-law relation [VðtÞ  ðtf  tÞ3=2 ]. This law is the result of a pure diffusive
evaporation,30 which corresponds to the evaporation of the droplet
with a constant contact angle where the contact line recedes and the
droplet self-similarly reduces its volume. The droplet with the Cassie
state maintains its quasispherical shape during the evaportation.5
Once the transition to the Wenzel state occurs, the contact line is
pinned and the data deviate from this power-law relation. Evidently,
Fig. 4(b) shows that nanoparticles on the superhydrophobic surface
effectively delay the Cassie-Wenzel transition which is also conﬁrmed
by the time-dependence contact-angle dynamics in Fig. 4(a). The
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FIG. 6. Raman spectra of Rhodamine 6G with various concentrations deposited on
the glass substrate (a) and the superhydrophobic surface with nanoparticles (b).

contact angle over a hierarchical surface maintains a constant value for
a longer period time compared to that over a standard
superhydrophobic surface.
In addition, we also examined the contact angle hysteresis by
depositing a droplet over a tilted surface and observing the droplet’s
motion. Figure 5 shows that the droplet slides on the
superhydrophobic surface with nanoparticles at a low roll-off angle
(a ¼ 3:0 ). Our designed hierarchical superhydrophobic surface with
nanoparticles demonstrates a very low contact angle hysteresis
Dh < 2:5 . The low contact angle hysteresis and low sliding angle
indicate that the superhydrophobic surface with nanoparticles has
extraordinary water repellency.
Finally, to prove the concept of biosensing, we deposited droplets
with different concentrations of Rhodamine 6G over both the glass substrate and the silica-coated gold nanoparticle-based superhydrophobic
surface. After the droplets completely dried out, we measured the
Raman signals using a LabRAM HR Raman microscope (HORIBA
Jobin Yvon) with a 514.32 nm excitation laser (Fig. 6) and examined the
surface-enhanced Raman scattering (SERS) sensitivity of our designed
superhydrophobic surface with nanoparticles. For the glass substrate,
the Raman scattering cannot be detected for 109 M of Rhodamine 6G.
In contrast, even for 1012 M, we still can capture the Raman intensity
peak for the superhydrophobic surface with nanoparticles, which is the
orders of magnitude improvement. In other words, our fabricated surface has the potential for high-sensitive molecule detection.
In summary, a simple fabrication technique combining both spin
coating and inverse nanotransfer printing provides an inexpensive
means of transferring silica-coated metallic nanoparticles onto
superhydrophobic surfaces made of PDMS over large areas. More speciﬁcally, we transferred silica-coated gold nanoparticles to fabricate the
hierarchical superhydrophobic surface. Measuring the contact angle and
observing the natural evaporation of a sessile droplet demonstrated that
the fabricated nanoparticle-based superhydrophobic surface effectively
improves the superhydrophobicity. In addition, the SERS measurements
suggested that the fabricated nanoparticle-based superhydrophobic surface can signiﬁcantly enhance the Raman signals. This approach can
ﬁnd important technological applications in biosensing.
This work was, in part, supported by the National Science
Foundation under Grant No. ECCS-1509866.
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